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by an M-O-C bond or an M-C bond, where M is a metal
element, O is oxygen, and C is carbon.
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Description
FIELD OF THE INVENTION

[0001] The present disclosure relates to a hardmask composition, a method of preparing the same, and a method of
forming a patterned layer (and/or electronic device) using the hardmask composition.

BACKGROUND OF THE INVENTION

[0002] Generally, a lithography process includes forming a material layer on a semiconductor substrate, coating a
photoresist on the material layer, patterning the photoresist into a photoresist pattern is formed by exposing and devel-
oping the photoresist, and then etching the material layer while using the photoresist pattern as a mask. The lithography
process is a fundamental process for manufacturing semiconductor devices/electronic devices.

[0003] However, by using only a photoresist pattern, it may be difficult to form a patterned layer having a large aspect
ratio and a small line width. Accordingly, below the photoresist pattern, a material layer called a ’hardmask’, of which
rigidity is greater than that of the photoresist pattern, may be applied. Currently, an amorphous carbon layer (ACL) may
be used as a hardmask. However, even if an ACL is used as a hardmask, it may not be easy to obtain an ultrafine pattern
having a line width of several tens of nanometers or less. At this time, the ultrafine pattern of the etching layer may
collapse (e.g., fall down or tilt), and an edge portion of the pattern may not be precisely formed as desired.

[0004] Therefore, in order to implement a fine/ultra-fine pattern having a high aspect ratio and a line width less than
several tens of nanometers, other hardmask materials are being developed.

SUMMARY OF THE INVENTION

[0005] Provided are compositions capable of producing a hardmask having excellent etching resistance.

[0006] Provided are compositions capable of producing a hardmask that is suitable for forming a pattern layer having
a high aspect ratio.

[0007] Provided are compositions capable of producing a hardmask which is suitable for forming a fine pattern and/or
an ultrafine pattern.

[0008] Provided are methods of manufacturing and/or preparing compositions (e.g., hardmask compositions).
[0009] Provided are hardmasks formed by using the hardmask compositions.

[0010] Provided are methods of patterning a material layer using the hardmask compositions.

[0011] Additional aspects will be set forth in part in the description which follows and, in part, will be apparent from
the description, or may be learned by practice of the presented embodiments.

[0012] According to some example embodiments, a hardmask composition may include graphene quantum dots; a
metal compound chemically bonded to the graphene quantum dots; and a solvent.

[0013] In some example embodiments, the metal compound may include a metal oxide.

[0014] In some example embodiments, the metal oxide may include at least one of zirconium (Zr) oxide, titanium (Ti)
oxide, tungsten (W) oxide, or aluminum (Al) oxide.

[0015] Insome example embodiments, the graphene quantum dots may be covalently bonded to the metal compound.
[0016] In some example embodiments, the graphene quantum dots may be bonded to the metal compound by an M-
O-C bond or an M-C bond, where M is a metal element, O is oxygen, and C is carbon.

[0017] In some example embodiments, the graphene quantum dots may have a size of greater than 0 nm and less
than or equal to about 10 nm.

[0018] In some example embodiments, the metal compound may have a form of nanoparticles.

[0019] In some example embodiments, the metal compound has the form of nanoparticles, the nanoparticles may
each have a size of greater than 0 nm and less than or equal to about 2 nm.

[0020] In some example embodiments, an amount of the metal compound may be greater than 0 wt% and less than
or equal to about 10 wt% based on a total weight of the graphene quantum dots and the metal compound.

[0021] In some example embodiments, the solvent may include an organic solvent.

[0022] In some example embodiments, the solvent may be a non-aqueous solvent.

[0023] In some example embodiments, the organic solvent may include at least one of N-methylpyrrolidone (NMP),
dimethylformamide (DMF), tetrahydrofuran (THF), or propylene glycol methyl ether acetate (PGMEA).

[0024] According to some example embodiments, a method of forming a patterned layer may include forming a hard-
mask pattern on a substrate and forming a patterned layer. The forming the hardmask pattern may include providing
the hardmask composition described above on the substrate, forming a hardmask from the hardmask composition;
forming a patterned resist film on the hardmask, forming a hardmask pattern by etching the hardmask by using the
patterned resist film as an etching mask. The substrate may include an etch target portion. The forming the patterned
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layer may include etching the etch target portion of the substrate by using the hardmask pattern as an etch mask.
[0025] In some example embodiments, the forming the hardmask pattern may include one of spin coating, screen
printing, doctor-blade processing, spray coating, electrospray, dip coating, or bar coating to provide the hardmask com-
position on the substrate.

[0026] In some example embodiments, the forming the hardmask pattern may include , heat treating the hardmask
composition at a temperature of greater than 0 °C and less than or equal to 500 °C after the providing the hardmask
composition on the substrate.

[0027] In some example embodiments, the hardmask may have a thickness of about 10 nm to about 500 nm.
[0028] In some example embodiments, the hardmask may be an electrically insulating layer.

[0029] According to some example embodiments, a method of preparing a hardmask composition may include adding
graphene quantum dots and a precursor of a metal compound to a solvent; and forming, from the precursor in the solvent,
a metal compound chemically bonded to the graphene quantum dots.

[0030] In some example embodiments, before the forming the metal compound chemically bonded to the graphene
quantum dots, a carbon content of the graphene quantum dots may be in a range of about 50 at% to about 80 at%.
[0031] In some example embodiments, before the forming the metal compound chemically bonded to the graphene
quantum dots, the graphene quantum dots may each include at least one of an OH group ora COOH group as a functional
group on a surface thereof.

[0032] Insome example embodiments, the precursor of the metal compound may include at least one of metal alkoxide,
a metal chloride, or a metal chloride hydrate.

[0033] In some example embodiments, the metal compound may include a metal oxide.

[0034] In some example embodiments, the graphene quantum dots may be bonded to the metal compound by an M-
O-C bond or an M-C bond, where M is a metal element, O is oxygen, and C is carbon.

[0035] In some example embodiments, the solvent may be a non-aqueous solvent including an organic solvent.
[0036] In some example embodiments, the organic solvent may include at least one of N-methylpyrrolidone (NMP),
dimethylformamide (DMF), tetrahydrofuran (THF), or propylene glycol methyl ether acetate (PGMEA).

[0037] According to some example embodiments, a hardmask may be manufactured by the above-discussed method.
The hardmask composition may include the solvent and the metal compound chemically bonded to the graphene quantum
dots. The solvent may be a non-aqueous solvent including an organic solvent.

[0038] In some example embodiments, the graphene quantum dots may be bonded to the metal compound by an M-
O-C bond or an M-C bond, where M is a metal element, O is oxygen, and C is carbon.

[0039] Insome example embodiments, the precursor of the metal compound may include at least one of metal alkoxide,
a metal chloride, or a metal chloride hydrate.

[0040] In some example embodiments, the graphene quantum dots may have a size of greater than 0 nm and less
than or equal to about 10 nm.

[0041] In some example embodiments, the graphene quantum dots may have a size of greater than 0 nm and less
than or equal to about 10 nm.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] These and/or other aspects will become apparent and more readily appreciated from the following description
of some example embodiments, taken in conjunction with the accompanying drawings in which:

FIG. 1 shows a conceptual diagram illustrating a hardmask composition according to some example embodiments;
FIG. 2 shows a diagram of a chemical structure of a hardmask composition according to some example embodiments;
FIG. 3 shows a conceptual diagram illustrating a composition according to Comparative Example;

FIG. 4 shows a diagram for explaining a method of producing a hardmask composition method according to some
example embodiments;

FIG. 5 shows a chemical reaction formula for illustrating a method of producing a hardmask composition according
to some example embodiments;

FIG. 6 shows a chemical reaction for explaining a method of producing a hardmask composition according to some
example embodiments;

FIGS. 7A to 7F are cross-sectional views for explaining how a material film is patterned by using a hardmask
composition according to some example embodiments;

FIG. 8 shows results of Fourier transform infrared (FT-IR) spectroscopy analysis performed on a hardmask material
film formed according to some example embodiments; and

FIG. 9 shows results of an etching test performed on a GQD material film according to Comparative Example and
a GQD-ZrO, material film according to some example embodiments.
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DETAILED DESCRIPTION

[0043] Reference will now be made in detail to some example embodiments, which are illustrated in the accompanying
drawings, wherein like reference numerals refer to like elements throughout. In this regard, example embodiments may
have different forms and should not be construed as being limited to the descriptions set forth herein. Accordingly
inventive concepts are merely described below, by referring to the figures, to explain aspects. As used herein, the term
"and/or" includes any and all combinations of one or more of the associated listed items. Expressions such as "at least
one of," when preceding a list of elements, modify the entire list of elements and do not modify the individual elements
of the list.

[0044] Various example embodiments will now be described more fully with reference to the accompanying drawings
in which example embodiments are shown.

[0045] It will be understood that when an element is referred to as being "connected" or "coupled"” to another element,
it can be directly connected or coupled to the other element or intervening elements may be present. In contrast, when
an element is referred to as being "directly connected" or "directly coupled" to another element, there are no intervening
elements present. As used herein the term "and/or" includes any and all combinations of one or more of the associated
listed items.

[0046] It will be understood that, although the terms "first", "second", etc. may be used herein to describe various
elements, components, regions, layers and/or sections, these elements, components, regions, layers and/or sections
should not be limited by these terms. These terms are only used to distinguish one element, component, region, layer
or section from another element, component, region, layer or section. Thus, a first element, component, region, layer
or section discussed below could be termed a second element, component, region, layer or section without departing
from the teachings of example embodiments.

[0047] Spatially relative terms, such as "beneath," "below," "lower," "above," "upper" and the like, may be used herein
for ease of description to describe one element or feature’s relationship to another element(s) or feature(s) as illustrated
in the figures. It will be understood that the spatially relative terms are intended to encompass different orientations of
the device in use or operation in addition to the orientation depicted in the figures. For example, if the device in the
figures is turned over, elements described as "below" or "beneath" other elements or features would then be oriented
"above" the other elements or features. Thus, the exemplary term "below" can encompass both an orientation of above
and below. The device may be otherwise oriented (rotated 90 degrees or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly.

[0048] The terminology used herein is for the purpose of describing particular embodiments only and is not intended
to be limiting of example embodiments. As used herein, the singular forms "a," "an" and "the" are intended to include
the plural forms as well, unless the context clearly indicates otherwise. It will be further understood that the terms
"comprises" and/or "comprising," when used in this specification, specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not preclude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or groups thereof.

[0049] Example embodiments are described herein with reference to cross-sectional illustrations that are schematic
illustrations of idealized embodiments (and intermediate structures) of example embodiments. As such, variations from
the shapes of the illustrations as a result, for example, of manufacturing techniques and/or tolerances, are to be expected.
Thus, example embodiments should not be construed as limited to the particular shapes of regions illustrated herein
but are to include deviations in shapes that result, for example, from manufacturing. For example, an implanted region
illustrated as a rectangle will, typically, have rounded or curved features and/or a gradient of implant concentration at
its edges rather than a binary change from implanted to non-implanted region. Likewise, a buried region formed by
implantation may result in some implantation in the region between the buried region and the surface through which the
implantation takes place. Thus, the regions illustrated in the figures are schematic in nature and their shapes are not
intended to illustrate the actual shape of a region of a device and are not intended to limit the scope of example embod-
iments.

[0050] Unlessotherwise defined, allterms (including technical and scientific terms) used herein have the same meaning
as commonly understood by one of ordinary skill in the art to which example embodiments belong. It will be further
understood that terms, such as those defined in commonly-used dictionaries, should be interpreted as having a meaning
that is consistent with their meaning in the context of the relevant art and will not be interpreted in an idealized or overly
formal sense unless expressly so defined herein.

[0051] Hereinafter, a hardmask composition according to some example embodiments and a method of manufacturing
the same, a hardmask formed from the hardmask composition, and a method of patterning a material layer by using the
hardmask composition will be described in detail with reference to the accompanying drawings. The width and thickness
of the layers or regions illustrated in the accompanying drawings may be somewhat exaggerated for clarity and ease of
description. Like reference numerals designate like elements throughout the specification.

[0052] FIG. 1 shows a conceptual diagram illustrating a hardmask composition according to some example embodi-
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ments.

[0053] Referring to FIG. 1, the hardmask composition may include a graphene quantum dot GQD, a metal compound
MC chemically bonded to the graphene quantum dot GQD, and a solvent (not shown). Although not illustrated, in some
example embodiments, more than one different metal compound may be chemically bonded to the graphene quantum
dot GQD.

[0054] The graphene quantum dot GQD may have a size greater than 0 nm and less than or equal to about 10 nm.
The graphene quantum dot GQD may have an average particle diameter (or average length) of greater than 0 nm and
about 10 nm or less or about 6 nm or less. The graphene quantum dot GQD may include "a carbon nanostructure’ having
an aromatic ring. Carbon atoms may form aromatic ring structures, and these ring structures (annular structures) may
be arranged in a two-dimensional manner.

[0055] The metal compound MC may be chemically bonded to the graphene quantum dot GQD. The term ‘chemically
bonded’ indicates that two subjects are combined with each other by chemical bonding, which is considered to be a
concept different from that of simply being ‘'mixed.’ The metal compound MC may be covalently bonded to the graphene
quantum dot GQD. The metal compound MC may be an inorganic material. The metal compound MC may include a
metal oxide. For example, the metal compound MC may include at least one of zirconium (Zr) oxide, titanium (Ti) oxide,
tungsten (W) oxide, or aluminum (Al) oxide. The Zr oxide may be ZrO, or may have a composition similar thereto, the
Ti oxide may be TiO, or may have a composition similar thereto, the W oxide may be WO or may have a composition
similar thereto, and the Al oxide may be Al,O5 or may have a composition similar thereto. The metal compound MC and
the graphene quantum dot GQD may be bonded to each other by an M-O-C bond or an M-C bond, wherein M is a
metallic element, O is oxygen, and C is carbon. Also, C may be one of the carbon atoms constituting GQD.

[0056] The metal compound MC may have the form of a nanoparticle or a nanodot or a form similar thereto. When
the metal compound MC has the form of nanoparticle, the nanoparticle may have a size of greater than 0 nm and less
than or equal to about 2 nm. The average diameter of nanoparticles may be about 2 nm or less or about 1 nm or less.
Accordingly, the size of the nanoparticle of the metal compound MC may be much smaller than that of the graphene
quantum dot GQD. The amount of the metal compound MC in the hardmask composition may be greater than 0 wt%
and less than or equal to about 10 wt%, based on the total weight of the graphene quantum dot GQD and the metal
compound MC. The weight ratio of the graphene quantum dot GQD to the metal compound MC may affect properties
of a hardmask formed from the hardmask composition. The weight ratio may be adjusted according to a process for
forming the hardmask composition.

[0057] Although not shown, a solvent mixed with the graphene quantum dot GQD and the metal compound MC is
provided. The solvent may be a material that provides fluidity to the hardmask composition, and may be used to produce
a hardmask composition. The solvent may include an organic solvent and may not include water (H,0). In other words,
the solvent may be a non-aqueous solvent including an organic solvent. The organic solvent may include, for example,
atleast one of N-methylpyrrolidone (NMP), dimethylformamide (DMF), tetrahydrofuran (THF), or propylene glycol methyl
ether acetate (PGMEA). In such a solvent, the graphene quantum dot GQD may react with a precursor of the metal
compound MC to form the metal compound MC chemically bonded to the graphene quantum dot GQD.

[0058] Since the graphene quantum dot GQD is chemically bonded to the metal compound MC, a hardmask formed
from the hardmask composition including the graphene quantum dot GQD and the metal compound MC may have
excellent uniformity (composition uniformity). The graphene quantum dot GQD may have a size of about 10 nm or less
or about 6 nm or less, and the metal compound MC may have a size of about 2 nm or less or about 1 nm or less, but
greater than 0 nm. Accordingly, from the hardmask composition including the graphene quantum dot GQD and the metal
compound MC, a hardmask having a small thickness may be easily obtained, and thickness uniformity of the hardmask
may be easily obtained. The metal compound MC has a high dissociation energy. Accordingly, the hardmask containing
the metal compound MC may have excellent etching resistance properties.

[0059] FIG. 2 shows a diagram of a chemical structure for explaining a hardmask composition according to some
example embodiments.

[0060] Referring to FIG. 2, a graphene quantum dot GQD1 may include a 'carbon nanostructure’ having an aromatic
ring structure. Carbon atoms may form an aromatic ring structure, and these ring structures (annular structures) may
be arranged in a two-dimensional manner to form the graphene quantum dot GQD1. A metal compound MC1 chemically
bonded to the graphene quantum dot GQD1 may be provided. The metal compound MC1 may be the result obtained
by reacting a precursor with a functional group of the graphene quantum dot GQD1. The metal compound MC1 may
include, for example, a metal oxide. The metal compound MC1 may be bonded to the graphene quantum dot GQD1 by
an M-O-C bond or an M-C bond. When an oxygen atom (O) between a metal atom (M) and a carbon atom (C) is removed
from the M-O-C bond, an M-C bond may be formed. The size, shape, and structure of the graphene quantum dot GQD1
shown in FIG. 2 are examples only and may vary. In addition, the material, configuration, size, etc. of the metal compound
MC1 shown in FIG. 2 are examples only and may vary.

[0061] FIG. 3 shows a conceptual diagram illustrating a composition according to Comparative Example.

[0062] Referring to FIG. 3, a composition according to Comparative Example may include a graphene quantum dot
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GQD and a metal compound MC mixed therewith, and the graphene quantum dot GQD and the metal compound MC
may be dispersed in a solvent (not shown). The graphene quantum dot GQD and the metal compound MC may not be
chemically bonded to each other, but may simply be mixed to form a mixture. A hardmask formed from such a composition
may not have good compositional uniformity. A graphene quantum dot GQD region in the hardmask may be etched
relatively quickly, which may lead to etch non-uniformity problems.

[0063] FIG. 4 shows a view for explaining a method of producing a hardmask composition method according to some
example embodiments.

[0064] Referring to FIG. 4, graphene quantum dots 10 and a metal compound precursor 20 may be added to a solvent
30. First, the graphene quantum dots 10 may be dispersed in the solvent 30, and then, the metal compound precursor
20 may be added to the solvent 30.

[0065] The solvent 30 may be a non-aqueous solvent containing an organic solvent, not containing water (H,0). For
example, the solvent 30 may include at least one organic solvent. For example, the solvent 30 may include at least one
of NMP, THF, or PGMEA. This solvent 30 may allow the graphene quantum dots 10 and the metal compound precursor
20 to disperse. In one or more embodiments, the solvent 30 may disperse and dissolve (partially) the metal compound
precursor 20, while not reacting therewith. In the solvent 30, the graphene quantum dots 10 may be chemically reacted
with the metal compound precursor 20. As a result, a metal compound (see MC illustrated in FIG. 1) chemically bonded
to the graphene quantum dots 10 may be obtained from the metal compound precursor 20.

[0066] When the solvent 30 includes water (H,0), the metal compound precursor 20 may react with the solvent 30 to
form a metal compound, which is not chemically bonded to the graphene quantum dots 10. In this case, a mixture as
described with reference to FIG. 3 may be formed. Even when the solvent 30 does not contain water, similar results
may be obtained when the solvent 30 material reacts well with the metal compound precursor 20.

[0067] FIG. 5 shows a chemical reaction formula for illustrating a method of preparing a hardmask composition ac-
cording to some example embodiments.

[0068] Referring to FIG. 5, a graphene quantum dot 10a and a metal compound precursor 20a may be chemically
reacted in a solvent. As a result, a metal compound 20b chemically bonded to the graphene quantum dot 10b may be
formed. The graphene quantum dot before this reaction is indicated by 10a and the graphene quantum dot after this
reaction is indicated by 10b.

[0069] Initially, the graphene quantum dot 10a may include at least one of a hydroxyl group (OH) or a carboxyl group
(COOQOH) as a functional group on its surface. From among carbon atoms constituting an aromatic ring structure, double
bonds of some carbon atoms may be broken, thereby leading to the production of sp3 carbon, to which a hydroxyl group
(OH) or a carboxyl group (COOH) is bonded. The carbon content of the graphene quantum dot 10a may be in the range
of about 50 at% to 80 at% or about 55 at% to 75 at%. Although one graphene quantum dot is illustrated in FIG. 5 for
the purpose of convenience, the average carbon content in a large number of graphene quantum dots may be in the
range of about 50 at% to about 80 at% or about 55 at% to about 75 at%. As described above, when the graphene
quantum dot 10a has an OH group and/or a COOH group and the carbon content of about 80 at% or less, the graphene
quantum dot 10a may react well with the metal compound precursor 20a.

[0070] The graphene quantum dot 10a may be formed, for example, by a hydrothermal synthesis method. In detail,
a graphene quantum dot may be formed by mixing tri-nitro-pyrene (TNP) with NaOH and H,O and performing a hydro-
thermal reaction at a temperature of about 150 °C to about 300 °C. The obtained graphene quantum dot may be purified
and dried to obtain the graphene quantum dot 10a. However, the method of forming the graphene quantum dot 10a
described herein is an example only and may be varied in various ways.

[0071] The metal compound precursor 20a may include, for example, at least one of metal alkoxide, metal chloride,
or metal chloride hydrate. FIG. 5 shows a non-limiting example where the metal compound precursor 20a is a metal
alkoxide, e.g., M-O-R. M represents a metal element, O represents oxygen, and R represents an organic compound. R
may be, for example, an alkyl group or the like. Metal alkoxide (M-OR) may include, for example, metal butoxide or metal
isopropoxide, such as zirconium butoxide, zirconium isopropoxide, titanium butoxide, titanium isopropoxide, aluminum
butoxide, aluminum isopropoxide, or tungsten isopropoxide. However, these materials, which are described herein as
an example of the metal compound precursor 20a, are an example only, and the metal compound precursor 20a is not
limited thereto.

[0072] The metal alkoxide (M-O-R) may react with the OH and/or COOH groups of the graphene quantum dot 10a to
form the metal compound 20b. The reaction may be a kind of sol-gel reaction. Hydrolysis and condensation may occur
as the metal alkoxide (M-O-R) reacts with the OH or COOH of the graphene quantum dot 10a, resulting in the formation
of the metal compound 20b.

[0073] The metal compound 20b may include, for example, a metal oxide. For example, the metal compound 20b may
include at least one of zirconium (Zr) oxide, titanium (Ti) oxide, tungsten (W) oxide, or aluminum (Al) oxide. The metal
compound 20b may be bonded to the graphene quantum dot 10b by an M-O-C bond or an M-C bond. An M-C bond
may be formed by removing oxygen (O) from the M-O-C bond by a heat treatment.

[0074] FIG. 6 shows a chemical reaction for explaining a method of producing a hardmask composition according to



10

15

20

25

30

35

40

45

50

55

EP 3 428 721 A1

some example embodiments.

[0075] Referring to FIG. 6, a graphene quantum dot is reacted with a metal alkoxide to form a metal oxide chemically
bonded to the graphene quantum dot. The metal alkoxide may include, for example, metal butoxide or metal isopropoxide.
In one or more embodiments, a metal chloride or a metal chloride hydrate may be used instead of the metal alkoxide.
[0076] Accordingto some example embodiments, a graphene quantum dot may be mixed with metal butoxide or metal
isopropoxide in a solvent and then heated to induce a sol-gel reaction, thereby producing a metal oxide chemically
bonded to the graphene quantum dot.

[0077] According to some example embodiments, a graphene quantum dot is mixed with metal butoxide or metal
isopropoxide in a solvent and then a hydrothermal reaction is induced, thereby producing a metal oxide chemically
bonded to the graphene quantum dot.

[0078] According to some example embodiments, a graphene quantum dot is mixed with a metal chloride hydrate in
a solvent, and then a hydrothermal reaction is induced, thereby forming a metal oxide chemically bonded to the graphene
quantum dot.

[0079] In some example embodiments, the graphene quantum dot may be reacted with a precursor of the metal
compound. However, according to other example embodiments, the graphene quantum dot may be mixed and reacted
with the metal compound (ex. metal oxide). For this purpose, a high-temperature process may be performed at a
temperature of about 700 °C to about 1000 °C. As a result, a compound (composite material) in which a graphene
quantum dot is chemically bonded to the metal compound (ex, metal oxide) may be formed.

[0080] FIGS. 7A to 7F are cross-sectional views for explaining how a material film is patterned by using a hardmask
composition according to some example embodiments.

[0081] Referring to FIG. 7A, an etch target layer 110 may be formed on a substrate 100. The substrate 100 may be
a semiconductor substrate, an insulator substrate, or a conductive substrate. As the substrate 100, various substrates
used in semiconductor devices and electronic devices may be used. The etch target layer 110 may be a semiconductor
layer, an insulating layer, or a conductive layer. The semiconductor layer may include, for example, Si, Ge, SiGe, GaN,
or the like, and the insulating layer may include, for example, SiO,, SiXNy, SiON, Al,O3, or the like, and the conductive
layer may include metals, alloys, metal compounds, or the like. However, a material for the etch target layer 110 is not
limited to these materials. A variety of material layers used in semiconductor devices and electronic devices may be
used as the etch target layer 110. The etch target layer 110 may be a part of the substrate 100 or a separate layer
distinguishable from the substrate 100. The etch target layer 110 may be referred to as an etch target portion or a
patterning target portion.

[0082] Next, a hardmask 120 may be formed on the etch target layer 110 by using a hardmask composition according
to some example embodiments. The hardmask compositions described with reference to FIGS. 1, 2, and 4 to 6 may be
provided on the etch target layer 110, and then, the hardmask 120 may be formed therefrom. Since the hardmask
compositions are each a solution composition containing a graphene quantum dot, a metal compound chemically bonded
thereto, and a solvent, the hardmask 120 may be formed through a solution process. In detail, the providing of the
hardmask composition on the etch target layer 110 may be performed by any one of spin coating, screen printing, doctor-
blade processing, spray coating, electrospray, dip coating, or bar coating. After providing (for example, coating) the
hardmask composition on the etch target layer 110 by using these methods, the hardmask composition may be heat
treated (e.g., dried) at a temperature of about 500 °C or less. Through the heat treatment (drying) process, the solvent
may be removed from the hardmask composition, and as a result, the hardmask 120 may be obtained. The hardmask
120 may include graphene quantum dots (GQDs) and a metal compound (e.g., metal oxide) chemically bonded thereto.
[0083] The hardmask 120 may have a thickness of about 10 nm to about 500 nm, but is not limited thereto. In one or
more embodiments, the thickness of the hardmask 120 may range from about 100 nm to about 450 nm. The hardmask
120 may be formed to have a relatively small thickness, and may have excellent thickness uniformity. In one or more
embodiments, the thickness of the hardmask 120 may be equal to or greater than 500 nm. The hardmask 120 may be
an electrically insulating layer. For example, the hardmask 120 may have an electrical resistance of 106 Q or higher.
[0084] Referring to FIG. 7B, an anti-reflection film 130 may be formed on the hardmask 120, and a resist film 140 may
be formed on the anti-reflection film 130. The anti-reflection film 130 may include an inorganic anti-reflection film or an
organic anti-reflection film, or a combination thereof. For example, the anti-reflection film 130 may include an inorganic
anti-reflection film and an organic anti-reflection film sequentially stacked on the hardmask 120. The inorganic anti-
reflection film may include, for example, a silicon oxynitride film (SiON film). The organic anti-reflection film may include
a polymer film having an appropriate refractive index and a high absorption coefficient with respect to the exposure
wavelength, in association with the resist film 140. Various other anti-reflection materials used in a general lithography
process may be used in the inorganic anti-reflection film and the organic anti-reflection film. The thickness of the anti-
reflection film 130 may be, for example, in a range from about 100 nm to about 500 nm, but is not limited thereto. The
resist film 140 may include a general photoresist (PR) material. In addition, the resist film 140 may include various resin
materials.

[0085] Referring to FIG. 7C, the resist film 140 may be patterned to form a resist pattern 140a. For example, the resist
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film 140 may be exposed by using an exposure mask, and then, the resultant structure may be developed to form the
resist pattern 140a.

[0086] Referring to FIG. 7D, the anti-reflection film 130 may be etched (patterned) by using the resist pattern 140a as
an etching mask. The etched (patterned) anti-reflection film is indicated by a reference numeral 130a. When the anti-
reflection film 130 is etched (patterned), a part of the resist pattern 140a may be etched (lost). The residual resist pattern
is indicated by a reference numeral 140b.

[0087] Referring to FIG. 7E, a hardmask pattern 120a may be formed by etching the hardmask 120 by using the
residual resist pattern 140b and the patterned anti-reflection film 130a as an etch mask. The process of forming the
hardmask pattern 120a by etching the hardmask 120 may be performed by using a dry etching process using oxygen
(O,) plasma. In this process, the residual resist pattern 140b may be removed and a part of the patterned anti-reflection
film 130a may be etched (lost). The residual anti-reflection film is indicated by a reference numeral 130b.

[0088] Referring to FIG. 7F, the etch target layer 110 may be etched by using the hardmask pattern 120a as an etch
mask to form a patterned material layer, e.g.,, a patterned layer 110a. In this process, the residual anti-reflection film
130b may be removed. Also, a part of a top portion of the hardmask pattern 120a may be etched. The residual hardmask
pattern is denoted by a reference numeral 120b.

[0089] The process of etching the etch target layer 110 to form the patterned layer 110a in the process described in
connection with FIG. 7F may be performed by a dry etching process using etching gas. The etching gas may include,
for example, at least one selected from CFy, CHFy, Cl,, and BCl;. Herein, CFy may be CF, and CHFy may be CHF.
In addition, the etching gas may further include an Ar gas for plasma generation. The etching gas may further include
O, gas. The etching gas may vary according to a material for the etch target layer 110. Examples of etching gas described
above are used herein for illustrative purpose only, and the etching gas is not limited thereto.

[0090] The residual hardmask pattern 120b has excellent etching resistance and uniformity (composition uniformity
and thickness uniformity), and accordingly, the loss or deformation of the residual hardmask pattern 120b may be
suppressed, and the patterning of the etch target layer 110 may be easily performed. Therefore, a patterned layer having
a high aspect ratio may be obtained. Further, a patterned layer having a fine pattern (ultrafine pattern) of several tens
nm or less (e.g., greater than 0 nm and less than or equal to 100 nm, 50 nm, 30 nm) may be obtained. Collapsing of the
fine pattern (ultrafine pattern) of the patterned layer 110a or inaccurate formation of the edge portion of a pattern may
be suppressed or prevented.

[0091] Thereafter, although not shown, the residual hardmask pattern 120b may be removed. For example, the residual
hardmask pattern 120b may be removed by an ashing process or a wet etching process. The ashing process may be,
for example, an oxygen (O,) plasma ashing process, and the wet etching process may be performed by using, for
example, alcohol, acetone, or a mixture of nitric acid and sulfuric acid. However, the method of removing the residual
hardmask pattern 120b is not limited thereto, and may be variously changed. According to some example embodiments,
the removal of the residual hardmask pattern 120b may be easily performed. Among the conventional hardmask materials,
an amorphous carbon layer (ACL) including boron (B) is difficult to be subject to ashing. Accordingly, it is difficult to
remove the amorphous carbon layer (ACL) after the patterning process. However, in some example embodiments, the
hardmask material may be easily removed by an ashing or a wet etching process.

[0092] A pattern/patterned layer formed by using a hardmask composition according to some example embodiments
may be used in the fabrication of various semiconductor devices and electronic devices. For example, in some example
embodiments, the hardmask composition may be used to form various patterned materials/structures, such as metal
wirings, contact holes, via holes, trenches, insulator patterns, semiconductor patterns, and conductor patterns. Using a
hardmask obtained from a hardmask composition according to some example embodiments may provide excellent
patterning characteristics, and consequently, may lead to a decrease in the line width, high integration and improving
the performance of semiconductor devices/electronic devices.

[0093] The method of forming the patterned layer 110a described with reference to FIGS. 7A to 7F is an example
only, and may be variously modified depending on conditions. For example, the residual resist pattern 140b may be
completely removed in the process described in connection with FIG. 7D, and the residual anti-reflection film 130b may
be completely removed in the process described in connection with FIG. 7E. In some cases, the anti-reflection film 130
may not be used. In one or more embodiments, the hardmask 120 according to the embodiment may be used for, instead
of photolithography, other processes such as E-beam lithography. Furthermore, the method of forming a patterned layer
may be variously modified.

[0094] FIG. 8 shows results of Fourier transform infrared (FT-IR) spectroscopy analysis performed on a hardmask
material film formed according to some example embodiments. FIG. 8 includes FT-IR analysis results for a hardmask
including GQD-ZrO, (200°C) according to some example embodiments and a hardmask including GQD-ZrO, (400°C)
according to some example embodiments. GQD-ZrO, is a composite material in which a plurality of GQDs are chemically
bonded to a plurality of ZrO, nanoparticles, and 200 °C and 400 °C are each a heat treatment temperature for the GQD-
ZrO, material. FIG. 8 also includes FT-IR analysis results for a GQD material film prepared according to Comparative
Example.
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[0095] Referring to FIG. 8, it can be seen that GQD-ZrO, (200 °C) material film and GQD-ZrO, (400 °C) material film
each have a peak corresponding to ZrO,. On the other hand, the GQD material film does not have the peak corresponding
to ZrO,. The GQD-ZrO, (200°C) material film and the GQD-ZrO, (400°C) material film do not have a peak corresponding
to an OH group, and the GQD material film has the peak corresponding to an OH.

[0096] Table 1 below shows the X-ray photoelectron spectroscopy (XPS) analysis results for the GQD material film
according to Comparative Example and the GQD-ZrO, material film according to Example. The amount of ZrO, in the
GQD-ZrO, material film is 7 wt% based on the total weight of GQD and ZrO,.

Table 1
C1s N1s O1s Zr3d
Comparative Example GQD 81.48 | 2.32 | 16.19 -
Example GQD-ZrO, (7 wt%) | 77.66 | 2.72 | 17.72 | 1.90

[0097] Referring to Table 1, a peak corresponding to the 3d orbit of Zr appeared in the case of the GQD-ZrO, material
film, and the peak corresponding to Zr did not appear in the case of the GQD material film. Meanwhile, the C1s/O1s
ratio of the GQD-ZrO, material film was 77.66/17.72 = 4.38, and the C1s/O1s ratio of the GQD material film was
81.48/16.19 = 5.03.

[0098] FIG. 9 shows results of an etching test performed on a GQD material film according to Comparative Example
and a GQD-ZrO, material film according to Embodiment. The amount of ZrO, in the GQD-ZrO, material film is 7 wt%
based on the total weight of GQD and ZrO.,.

[0099] Referring to FIG. 9, the etching rate of the GQD-ZrO, material film is relatively slower than the etching rate of
the GQD material film. This shows that the etching resistance of the GQD-ZrO, material film is superior to that of the
GQD material film.

[0100] It should be understood that example embodiments described herein should be considered in a descriptive
sense only and not for purposes of limitation. Descriptions of features or aspects within each device or method according
to example embodiments should typically be considered as available for other similar features or aspects in other devices
or methods according to example embodiments. While some example embodiments have been particularly shown and
described, it will be understood by one of ordinary skill in the art that variations in form and detail may be made therein
without departing from the scope of the claims. For example, a metal carbide may be formed instead of or in combination
with a metal oxide chemically bonded to a graphene quantum dot. In other words, other materials, such as metal carbide,
may be used instead of or in combination with the metal oxide as the metal compound. When a hardmask composition
according to some example embodiments is heated to about 300 to 2000 °C in an autoclave, metal carbide may be
formed while oxygen (O) is removed from at least a part of the metal oxide. In addition, it will be understood that the
method of forming a patterned layer described in connection with FIGS. 7A to 7F may be variously changed. Therefore,
the scope of inventive concepts should not be limited by the embodiments described above, but should be determined
by the claims.

Claims
1. A hardmask composition comprising:
graphene quantum dots;
a metal compound chemically bonded to the graphene quantum dots; and
a solvent.
2. The hardmask composition of claim 1, wherein the metal compound includes a metal oxide, and optionally wherein
the metal oxide includes at least one of zirconium (Zr) oxide, titanium (Ti) oxide, tungsten (W) oxide, or aluminum

(Al) oxide.

3. The hardmask composition of claim 1 or 2, wherein the graphene quantum dots are covalently bonded to the metal
compound.

4. The hardmask composition of any preceding claim, wherein the graphene quantum dots are bonded to the metal
compound via an M-O-C bond or an M-C bond, where M is a metal element, O is oxygen, and C is carbon.
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The hardmask composition of any preceding claim, wherein a size of the graphene quantum dots is greater than 0
nm and less than or equal to 10 nm.

The hardmask composition of a preceding claim, wherein the metal compound is in a form of nanoparticles, and
optionally wherein the nanoparticles of the metal compound each have a size of greater than 0 nm and less than
or equal to 2 nm.

The hardmask composition of any preceding claim, wherein an amount of the metal compound is greater than 0
wt% and less than or equal to 10 wt%, based on a total weight of the graphene quantum dots and the metal compound.

The hardmask composition of any preceding claim, wherein the solvent is a non-aqueous optionally including an
organic solvent.

The hardmask composition of any preceding claim, wherein the solvent includes at least one of N-methylpyrrolidone
(NMP), dimethylformamide (DMF), tetrahydrofuran (THF), or propylene glycol methyl ether acetate (PGMEA).

A method of forming a patterned layer, the method comprising:

forming a hardmask pattern on a substrate, the substrate including an etch target portion, wherein forming the
hardmask pattern includes:

providing the hardmask composition of claim 1 on the substrate;
forming a hardmask from the hardmask composition;
forming a patterned resist film on the hardmask; and

etching the hardmask using the patterned resist film as an etching mask to form the hardmask pattern; and
forming a patterned layer by etching the etch target portion of the substrate using the hardmask pattern as an
etch mask, and optionally wherein the forming the hardmask pattern includes at least one of:

spin coating, screen printing, doctor-blade processing, spray coating, electrospray, dip coating, or bar
coating to provide the hardmask composition on the substrate; and

heat treating the hardmask composition at a temperature of greater than 0 °C and less than or equal to 500
°C after the providing the hardmask composition on the substrate.

The method of claim 10, wherein the hardmask has a thickness of 10 nm to 500 nm.
The method of claim 10 or 11, wherein the hardmask is an electrically insulating layer.
A method of preparing a hardmask composition, the method comprising:
adding graphene quantum dots and a precursor of a metal compound to a solvent; and
forming a metal compound from the precursor in the solvent, the metal compound being chemically bonded to
the graphene quantum dots.
The method of claim 13, wherein, before the forming the metal compound chemically bonded to the graphene
quantum dots, the graphene quantum dots are adapted such that at least one of: a carbon content of the graphene
quantum dots is in a range of 50 at% to 80 at%; and the graphene quantum dots include at least one of an OH group

or a COOH group as a functional group on a surface thereof.

The method of claim 13 or 14, wherein the precursor of the metal compound includes at least one of a metal alkoxide,
a metal chloride, or a metal chloride hydrate.

Amended claims in accordance with Rule 137(2) EPC.

1.

A hardmask composition comprising:

graphene quantum dots (GQD, 10b);

10



10

15

20

25

30

35

40

EP 3 428 721 A1

a metal compound (MC, 20b) chemically bonded to the graphene quantum dots; and

a solvent (30),

wherein the graphene quantum dots are covalently bonded to the metal compound, and

wherein an amount of the metal compound is greater than 0 wt% and less than or equal to 10 wt%, based on
a total weight of the graphene quantum dots and the metal compound.

The hardmask composition of claim 1, wherein the metal compound includes a metal oxide, and optionally wherein
the metal oxide includes at least one of zirconium (Zr) oxide, titanium (Ti) oxide, tungsten (W) oxide, or aluminum
(Al) oxide.

The hardmask composition of claim 1 or 2, wherein the graphene quantum dots are bonded to the metal compound
via an M-O-C bond or an M-C bond, where M is a metal element, O is oxygen, and C is carbon.

The hardmask composition of any preceding claim, wherein a size of the graphene quantum dots is greater than 0
nm and less than or equal to 10 nm.

The hardmask composition of any preceding claim, wherein the metal compound is in a form of nanoparticles, and
optionally wherein the nanoparticles of the metal compound each have a size of greater than 0 nm and less than
or equal to 2 nm.

The hardmask composition of any preceding claim, wherein the solvent is a non-aqueous optionally including an
organic solvent.

The hardmask composition of any preceding claim, wherein the solvent includes at least one of N-methylpyrrolidone
(NMP), dimethylformamide (DMF), tetrahydrofuran (THF), or propylene glycol methyl ether acetate (PGMEA).

A method of forming a patterned layer, the method comprising:

forming a hardmask pattern on a substrate, the substrate including an etch target portion, wherein forming the
hardmask pattern includes:

providing the hardmask composition of claim 1 on the substrate;

forming a hardmask from the hardmask composition;

forming a patterned resist film on the hardmask; and

etching the hardmask using the patterned resist film as an etching mask to form the hardmask pattern; and

forming a patterned layer by etching the etch target portion of the substrate using the hardmask pattern as an
etch mask, and optionally wherein the forming the hardmask pattern includes at least one of:

spin coating, screen printing, doctor-blade processing, spray coating, electrospray, dip coating, or bar
coating to provide the hardmask composition on the substrate; and

heat treating the hardmask composition at a temperature of greater than 0 °C and less than or equal to 500
°C after the providing the hardmask composition on the substrate.

9. The method of claim 8, wherein the hardmask has a thickness of 10 nm to 500 nm.
10. The method of claim 8 or 9, wherein the hardmask is an electrically insulating layer.
11. A method of preparing a hardmask composition, the method comprising:
adding graphene quantum dots (10) and a precursor (20) of a metal compound to a solvent (30); and
forming a metal compound (20b, MC) from the precursor in the solvent, the metal compound (20b, MC) being
chemically bonded to the graphene quantum dots (10b, GQD),
wherein the graphene quantum dots are covalently bonded to the metal compound, and
wherein an amount of the metal compound is greater than 0 wt% and less than or equal to 10 wt%, based on

a total weight of the graphene quantum dots and the metal compound.

12. The method of claim 11, wherein, before the forming the metal compound chemically bonded to the graphene

1"
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quantum dots, the graphene quantum dots are adapted such that at least one of: a carbon content of the graphene
quantum dots is in a range of 50 at% to 80 at%; and the graphene quantum dots include at least one of an OH group
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13.

or a COOH group as a functional group on a surface thereof.

The method of claim 11 or 12, wherein the precursor of the metal compound includes at least one of a metal alkoxide,

a metal chloride, or a metal chloride hydrate.

12
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